Alcohol can be considered as a nutritional toxin when ingested in excess amounts and leads to skeletal muscle myopathy. We hypothesized that altered protease activities contribute to this phenomenon, and that differential effects on protease activities may occur when: (1) rats at different stages in their development are administered alcohol in vivo; (2) acute ethanol treatment is superimposed on chronic alcohol-feeding in vivo; and ( 
A
LCOHOLIC MUSCLE DISEASE is one of the most common pathologies caused by alcohol abuse, and affects between one half and two thirds of all alcohol abusers. [1] [2] [3] The diameter of type 2 (glycolytic, fast-twitch, anaerobic) fibers is reduced in contrast to type 1 fibers, which appear to exhibit a mild hypertrophy in the initial stages of alcoholic exposure and atrophy in severe cases. 4 The reductions in fiber diameters are associated with decreases in muscle protein content, protein/ DNA ratios, myosin heavy chain content, midarm circumference, urinary creatinine excretion, and the body mass (ie, Quetelet's) index. [5] [6] [7] [8] [9] Disturbances in protein turnover are, therefore, implicated in the pathogenesis of alcoholic myopathy. 10 However, while alcohol-induced changes in muscle protein synthesis are well characterized, 4, [11] [12] [13] [14] protein degradation has received little attention. One study found that 24 hours after alcohol administration, the activities of 2 cytoplasmic proteases (ie, alanyl aminopeptidase and tripeptidyl aminopeptidase) decreased compared with controls, whereas other cytoplasmic or lysosomal proteases were not significantly affected. 15 In human alcoholic subjects, a decrease in protein breakdown has been shown via analysis of urinary 3-methylhistidine. 7 In contrast, in uremic rats exposed to alcohol for 4 weeks, the activities of alkaline myofibrillar proteases and cathepsin D were increased. 16 However, calculation of the fractional rate of protein breakdown, as the difference between fractional growth rate and fractional synthesis rate, indicated a decrease in protein breakdown in chronic (ie, 6 week) alcohol-treated rats. 17 The addition of supraphysiologic levels of alcohol or acetaldehyde added to human muscle tissue homogenates in vitro results in decreased activities of a range of cytoplasmic and lysosomal proteases. 18 Overall, these data suggest a decrease in the rate of muscle proteolysis, although more recently, it has been shown that in urine of the alcohol-fed rat, the ratio of 3-methylhistidine/creatinine increases. 19 Thus, it is apparent that there is conflicting data regarding whether either a decrease or increase in muscle protein breakdown occurs in response to ethanol exposure. To address this and a number of other outstanding issues, we undertook the present investigations. By measuring the maximal activities of enzymes as indices of the capacity for protein degradation, this study was performed to: (1) clarify if muscle proteolysis is more susceptible to acute (2.5 hours) alcohol dosage, and if there may be age-related sensitivity to this phenomenon; (2) determine which proteolytic pathway (lysosomal, cytoplasmic, proteasomal, and Ca 2ϩ -activated) may be affected by chronic alcohol-feeding, using a standard feeding protocol of 6 weeks treatment; (3) investigate if there are alterations in protease activities during chronic alcohol-feeding at specific time points; (4) test the hypothesis that there may be a sensitization of muscle protease activity after superimposing acute alcohol treatment on chronic alcohol-fed rats; and (5) ascertain whether alcohol (in vitro) or acetaldehyde (in vitro and in vivo) may be mediators of alcohol-induced muscle damage. Cyanamide, a potent aldehyde dehydrogenase inhibitor, was used to elevate acetaldehyde levels in vivo.
MATERIALS AND METHODS

Materials and Animals
All reagents were obtained from BDH or the Sigma Chemical Co (Poole, Dorset, UK or St Louis, MO). Male Wistar rats were obtained from Charles River or Harlan Olac (Kent, UK). They were maintained usually for 1 week on a 12 hours light/12 hours dark cycle (beginning at 8.00 AM) in a temperature and humidity controlled Animal House, licensed and approved by the Home Office, prior to use.
Study 1: The effect of acute ethanol dosing in immature and mature rats. The effect of acutely administered alcohol (75 mmol/kg body weight [BW] ; intraperitoneal [IP], 2.5 hours prior to killing) on muscle protease activities was investigated. Controls were treated with identical volumes of saline (0.15 mol/l NaCl, IP). Rats had free access to a standard laboratory chow diet and water throughout the study. The experimental groups were as follows: (1) ad libitum control, immature rats; (2) ad libitum ϩ alcohol (2.5 hours), immature rats; (3) ad libitum control, mature rats; (4) ad libitum ϩ alcohol (2.5 hours), mature rats. BW means of the rats (Ϯ SEM) were 114 Ϯ 1 g (groups 1 and 2), 352 Ϯ 7 g (group 3), and 356 Ϯ 9 g (group 4). These were sexually immature and mature adult rats and have been labeled immature and mature rats for convenience, ie, approximately 5 weeks and 11 weeks old, respectively. Rats were killed 2.5 hours after saline or ethanol dosage. The leg was removed and rapidly cooled in an ice/water mixture, the gastrocnemius was dissected, weighed, and after it had been blotted dry, immediately snap-frozen in liquid nitrogen and stored at Ϫ70°C for further analysis.
Study 2: The effect of chronically (6 weeks feeding) administered alcohol on muscle protease activities. For pair-feeding studies, animals were kept in individual wired-bottom cages to prevent coprophagy. Initially, the rats weighed 60 to 65 g. Rats were fed ad libitum on a standard laboratory chow until their BW was between 80 to 85 g (approximately 4 weeks of age), at which time they were divided into groups of equal BW and used as described below. For the study of cathepsin B and D activities in large rats, rats with an initial BW of 278 Ϯ 8 were used. Control rats were fed a nutritionally complete liquid diet, prepared from a commercially available food drink, supplemented with glucose, casein, and a vitamin mixture, according to the Lieber-DeCarli feeding protocol. The proportions of fat, protein, and carbohydrate in the control diet were 30%, 15%, and 55% of total energy, respectively. 20 Treated rats were given the same diet ad libitum in which 35% of total dietary energy as glucose was replaced by an isocaloric amount of alcohol. 21 Control and alcohol-containing diets were isolipidic, isonitrogenous, and isoenergetic. Control rats were given identical dietary quantities compared with their pair-matched alcohol-treated rats. The diets were freshly prepared each day and presented to the animals between 9.00 AM and 12:00 PM. The experimental groups were as follows: (1) control, 6 weeks pair-feeding; (2) alcohol-fed, 6 weeks. The final BWs at the time of killing were 215 Ϯ 2 g for the control animals and 187 Ϯ 3 g for the alcohol-fed rats. 17 The final BWs for the large rats were 390 Ϯ 9 for the control and 361 Ϯ 8 for the alcohol-fed group. 17 The killing procedures were as above, except for the assay of the calcium-activated proteases, for which whole leg muscles were dissected, due to the nature of the subsequent assay procedure.
Study 3: Sequential changes in cathepsin B and D activities in gastrocnemius muscle during 6 weeks ethanol-feeding. In this study rats, approximately 7.5 weeks of age (85 Ϯ 2 g), were pair-fed for up to 6 weeks as described above. The experimental groups were as follows (1) control, pair-fed; (2) alcohol-fed. After 3, 7, 14, 28, and 42 days of pair-feeding, rats were killed. One control group was killed on the day the pair-feeding commenced. The killing procedures were as above. The final BWs were 225 Ϯ 3 g for the control group and 197 Ϯ 4 g for the alcohol group.
Study 4: The effect of superimposition of an acute bolus of alcohol in rats that received alcohol for 4 weeks. In this study rats, approximately 4 weeks of age, were pair-fed for 4 weeks as described above. Alcohol-fed rats that received an acute bolus of alcohol (75 mmol/kg BW; IP, 2.5 hours prior to killing) had the alcohol in their diet withdrawn 24 hours earlier and replaced by isocaloric glucose. Controls were either pair-fed the nonalcohol-containing diet or treated with identical volumes of saline (0.15 mol/L NaCl, IP). The experimental groups were as follows: (1) control, 4 weeks pair-feeding; (2) alcoholfed, 4 weeks ϩ saline; (3) alcohol-fed, 4 weeks ϩ acute alcohol. After 4 weeks of pair-feeding, the mean final BWs (Ϯ SEM) at the time of killing were 186 Ϯ 7 g for group 1, 177 Ϯ 4 g for group 2, and 173 Ϯ 6 for group 3. The killing procedure was as above.
Study 5: The effect of alcohol and acetaldehyde in vitro on the activities of cathepsin B and D. Rats were fed alcohol for 6 weeks (plus their pair-fed controls) and a group fed ad libitum on chow diet. The BWs were approximately 83 Ϯ 4 g at the start of the study for all groups, 205 Ϯ 3 g for control, and 183 Ϯ 5 g for alcohol groups at the end of the experiment and 388 Ϯ 7 g for the ad libitum-fed rats. To muscle homogenates (1:10 wt/vol), alcohol or acetaldehyde was added at a concentration of 200 mmol/L or 200 mol/L, respectively, as described previously. 22 Ethanol and acetaldehyde were added to the ice-cold incubation buffer immediately before use to minimize loss (especially of acetaldehyde) through evaporation. The addition of ethanol or acetaldehyde was designed to determine whether alcohol treatment could alter the susceptibility of proteases to these agents.
Study 6: The effects of raising acetaldehyde levels in vivo on the activities of muscle proteases. For this study, rats, approximately 5 weeks of age, had free access to a standard laboratory chow diet and water. Cyanamide (0.5 mmol/kg BW, IP), a potent aldehyde dehydrogenase inhibitor, 23 was given as a bolus 3 hours before killing. Acute (75 mmol/kg BW, IP) alcohol was administered 2.5 hours before killing. Controls to both treatments were treated with identical volumes of saline (0.15 mol/L NaCl, IP). The experimental groups were as follows: (1) control ϩ saline; (2) cyanamide ϩ saline; (3) control ϩ alcohol (2.5 hours); (4) cyanamide ϩ alcohol (2.5 hours). The mean BWs (Ϯ SEM) were 113 Ϯ 2 g (group 1) and 113 Ϯ 1 g (groups 2, 3, and 4). Rats were killed 2.5 hours after the last saline or ethanol injections. The killing and dissection procedure was above. It is important to note that the rats used in groups 1 and 2 above were identical to those described for groups 1 and 2 in study 1. The reason for this dual presentation of data was to minimize the use of animals, according to Home Office guidelines.
Materials and Sample Processing
Muscle samples (approximately 50 mg) were homogenized using an Ultra-Turrax homogenizer (I.K.A Labortechnik, Germany; 2 ϫ 30 seconds at 15,000 rpm); a 1:20 (wt/vol) tissue/buffer homogenate was prepared in a buffer containing 0.15 mol/L NaCl, 1 mmol/L dithiothreitol (DTT), 3 mmol/L NaN 3 , and either 50 mmol/L Tris/acetate buffer, pH 7.5 (cytoplasmic proteases assays), or 50 mmol/L sodium acetateacetic acid buffer, pH 5.5 (lysosomal proteases assays). Proteases associated with lysosomes/microsomes are released into the soluble phase (without the use of detergents) following disruption via UltraTurrax homogenization. Tissue homogenates were centrifuged at 2,000 ϫ g for 10 minutes, and the supernatant (containing Ͼ 85% of total tissue activity for each protease type) was retained for proteolytic enzyme assays. 24 
Proteolytic Enzyme Assays
Enzyme (0.05 mL supernatant) was incubated with the appropriate assay medium (total volume, 0.3 mL) at 37°C (10 to 120 minutes), and the reaction terminated by addition of 0.6 mL of ethanol. 24 The fluorescence of the liberated aminoacyl 7-amino-4-methylcoumarin (AMC) was measured by reference to a tetraphenylbutadiene fluorescence standard block (ex 380 nm, em 440 nm). Assay blanks were run in which the enzyme was added to the medium immediately before ethanol addition. Assay conditions were modified for samples with high enzyme activity, such that the extent of substrate utilization never exceeded 15%. Stock substrate solutions (2.5 mmol/L) were prepared in 10% (vol/vol) ethanol. 24 Assays were performed for the following enzyme types: Alanyl aminopeptidase (EC 3.4.11.14), arginyl aminopeptidase (EC 3.4.11.6), leucyl aminopeptidase (EC 3.4.11.1), dipeptidyl aminopeptidase I (EC 3.4.14.1), dipeptidyl aminopeptidase II (EC 3.4.14.5), dipeptidyl aminopeptidase IV (EC 3.4.14.5), tripeptidyl aminopeptidase (EC 3.4.14.9), proline endopeptidase (EC 3.4.21.26), Cathepsin B (EC 3.4.22.1) or cathepsin B ϩ L (EC 3.4.22.15), Cathepsin D (EC 3.4.23.5), Cathepsin H (EC 3.4.22.16), and multicatalytic proteasome (EC 3.4.99.46). Full details of reagents and assay conditions can be found elsewhere. 24, 25 Some data (Fig 2) were originally analyzed as U/mg wet weight and A 280 /mg wet weight/h, respectively, 22 but converted to the same units as used in Fig 1 to ensure comparability of the data. Based on the assumption that control rats in studies 2 and 3 at the end of 6 weeks glucose feeding gave identical protease data, the conversion factors (f) were as follows: for cathepsin B (U/mg wet weight) into nmol/h/mg protein f ϭ 17.9/10.5, for cathepsin D (⌬A 280 /mg wet weight/h) into units/h/mg protein f ϭ 5.17/6.05.
Assay conditions for multicatalytic proteasome (EC 3.4.99.46) were as follows: chymotrypsin-like activity (for study 4): 50 mmol/L Tris/ acetate buffer pH 7.5 at 37°C, 5 mmol/L CaCl 2 , 1 mmol/L DTT, 0.25 mmol/L Glu-Gly-Gly-Phe-AMC; multicatalytic proteasome (EC 3.4.99.46), trypsin-like activity (for study 4): 50 mmol/L glycine buffer pH 9.5 at 37°C, 1 mmol/L DTT, 0.25 mmol/L CBZ (carboxylbenzyl)-Gly-Gly-Arg-AMC.
For the proteasome proteolytic assay in study 2, an alternative method was used to that above, although the chymotrypsin-and trypsin-like activities of the multicatalytic protease were determined in each case. Portions of frozen muscle samples from ethanol-fed rats and their pair-fed controls were prepared as 1:10 (wt/vol) homogenates. Each gram of frozen tissue was suspended in 9 vol of 0.1 mol/L Tris-HCl (pH 7.5) containing 0.25 mol/L sucrose and homogenized using 4 to 5 strokes of a Tissuemizer spinning at 1,000 rpm. Portions of the crude extracts were centrifuged at 105,000 ϫ g for 1 hour to obtain the high-speed supernatant or cytosolic fraction. The latter fraction was used as the source of proteasomes. Muscle cytosolic fractions were assayed for their chymotrypsin-like (N-succinyl-LeuLeu-Val-Tyr-AMC hydrolysis), trypsin-like (N-t-Boc-Leu-Ser-ThrArg-AMC hydrolysis), and peptidylglutamyl peptide hydrolase (N-CBZ-Leu-Leu-Glu-␤-naphthylamide hydrolysis) activities. A detailed account of the assay substrates and conditions can be found elsewhere. 26 
Protein Assays
Protein levels in tissue supernatants were determined by the Lowry method 27 or using the dual-wavelength spectrophotometric absorbance method. 28 
Statistics
Values for protease activities are means Ϯ SEM for n ϭ 4 to 8 observations. Differences between means were assessed using Student's t test for paired samples for the chronic and in vitro study, otherwise an unpaired t test was employed using the LSD test for comparisons between multiple groups. Significance was assumed when P Ͻ .05.
RESULTS
In the age-related study (study 1), a different response of protease activities in skeletal muscle from immature and mature rats was observed following acute alcohol dosage. In mature rats, the activities of the 3 cytoplasmic proteases, alanyl aminopeptidase, arginyl aminopeptidase, and leucyl aminopeptidase were reduced (Ϫ30%, P Ͻ .05; Ϫ40%, P Ͻ .001; Ϫ27%, P ϭ .057, respectively, Fig 1) . The activity of the lysosomal enzyme dipeptidyl aminopeptidase II decreased by 32% (P Ͻ .01, Fig 1) , and the chymotrypsin-and trypsin-like activities of the multicatalytic proteasome were reduced by Ϫ34%, P Ͻ .01 and Ϫ24%, P Ͻ .05, respectively (Fig 1) . However, in these mature rats, there was no measurable effect of acute alcohol dosage on the activities of cytoplasmic prolyl-, tripeptidyl aminopeptidase, and dipeptidyl aminopeptidase IV, or lysosomal cathepsins B, D, H, and L dipeptidyl aminopeptidase I activities (data not shown for brevity).
In immature rats, there was no effect on any of the cytoplasmic (alanyl-, arginyl-, leucyl-, prolyl-, tripeptidyl-aminopeptidase, and dipeptidyl aminopeptidase IV), lysosomal (cathepsins B, D, H, and L, dipeptidyl aminopeptidase I and II), or proteasomal (chymotrypsin-and trypsin-like) protease activities (data not shown for brevity). It is important to emphasize that studies were performed separately on either immature or mature rats and, therefore, it would be imprudent to ascribe age-related changes in protease activities in control animals.
In study 2, chronic ethanol feeding did not affect the activities of calpastatin, microcalpain, or millicalpain (data not shown for brevity). Expression of data in terms of the ratios of calpastatin/microcalpain and calpastatin/millicalpain was performed to ascertain if there may have been subtle effects on relative activities, which would have otherwise been masked by inter-rat variability. However, these ratios were also unaltered (data not shown for brevity).
The activities of the cytoplasmic and lysosomal proteases and the chymotrypsin-and trypsin-like and the peptidylglutamyl-peptide hydrolase activities of the multicatalytic proteasome were similarly unaffected after 6 weeks alcohol treatment in immature animals (data not shown for brevity), as well as the cathepsin B and D activities in mature animals (data not shown for brevity).
To ascertain if there were subtle time-related changes in protease activities that may have been overlooked by analysis of a single 6-week time point, we assayed cathepsin B and D activities in rats fed alcohol for 3 days, 1, 2, 4, and 6 weeks (study 3). However, sequential changes in cathepsin B and D activities were not significant (data not shown for brevity). It should be noted that at days 7 and 14 of chronic alcohol feeding, the activity of cathepsin B was marginally reduced (Ϫ14%, P ϭ .055 and Ϫ18, P ϭ 0.053; data not shown for brevity). The rationale behind the selection of cathepsin B and D only was the limitation in time and sample availability. Cathepsin B and D have been shown to be important for the degradation of contractile proteins, and it has also been suggested that the rate of myofibrillar degradation is increased in alcohol feeding. 19 In mature rats, chronic alcohol treatment for 6 weeks did not significantly increase cathepsins B or D activities, and cathepsin D activities may have been actually deceased in these mature rats (Ϫ8%, P ϭ .056; data not shown for brevity).
When alcohol was withdrawn for 24 hours from chronic alcohol-fed rats and then an acute bolus of alcohol administered (study 4), the activity of the cytoplasmic enzyme proline ami- Differences between means were assessed with analysis of variance (ANOVA) followed by Student's t test using LSD. n ‫؍‬ 6 (immature rats), n ‫؍‬ 6 to 8 (mature rats). ‡ P ‫؍‬ .057; *P < .05; **P < .01. nopeptidase was subsequently decreased by 24% (P Ͻ .05, Table 1 ). Additionally, the chymotrypsin-and trypsin-like activities of the multicatalytic proteasome were both reduced by such coimposition (Ϫ23%, P ϭ .051 and Ϫ22%, P Ͻ .05, respectively). The superimposition of alcohol regimes did not alter the activities of the other proteases investigated including cytoplasmic alanyl-, arginyl-, leucyl-, tripeptidyl-aminopeptidase, and dipeptidyl aminopeptidase IV or lysosomal cathepsins B, D, H, and L, dipeptidyl aminopeptidase I and II (data not shown for brevity).
Addition of alcohol (200 mmol/L) or acetaldehyde (200 mol/L) to homogenates of muscles from ad libitum, chronic alcohol-fed and pair-fed control rats did not affect cathepsin B activity in vitro (study 5). However, cathepsin D activity was decreased after addition of ethanol in muscle homogenates of control (ie, glucose fed), alcohol, and ad libitum (ie, chow-fed) fed rats (P ϭ .059, P Ͻ .05, P Ͻ .05, respectively; Fig 2) . Acetaldehyde in vitro also reduced cathepsin D activities in control, alcohol, and ad libitum-fed rats (all at P Ͻ .05; Fig 2) . In contrast, raising acetaldehyde levels in vivo by cyanamide pretreatment (study 6) did not alter the activities of cathepsin D or any other of the other lysosomal (cathepsins B, H, and L, dipeptidyl aminopeptidase I and II), cytoplasmic (alanyl-, arginyl-, leucyl-, prolyl-, tripeptidyl-aminopeptidase, and dipeptidyl aminopeptidase IV) or proteasomal (chymotrypsin-, trypsin-like) protease activities (data not shown for brevity).
DISCUSSION
Methodologic Considerations
There are no reported direct methods for measuring the rate of muscle protein breakdown in vivo in the rat in the absence of invasive procedures. As tissue proteins have the potential to be broken down by proteases (lysosomal and nonlysosomal, including components of the proteosomal system), it follows that the activities of these enzymes may be convenient for assessing the impact of pathogenic treatments on protein degradation. In practice, they only provide an index of the capacity for protein degradation. Nevertheless, studies have shown that there is a very good correlation between the in vitro rates of protein degradation as assessed by release of tyrosine and the activities of muscle proteases, for example, cathepsin B and D. 29 In the present study, the results are limited to maximal activities of proteolytic enzymes. Such measurements give the capacity of a system, although they cannot be used to say anything about the actual rate of amino acid flux in vivo.
Sensitivity of Proteases in Mature Rats to Acute Alcohol
We have demonstrated that only protease activities in muscle of mature rats were susceptible to the effects of acute alcohol, as reflected by reductions in selected cytoplasmic, lysosomal, and proteasomal enzyme activities. In contrast, no changes in protease activities were observed in immature rats in response to acute ethanol dosage in vivo. Studies on skeletal muscle protein synthesis support the concept that immature and mature rats have differential responses to this macrotoxin. 17,30 Thus, the fractional rate of protein synthesis in skeletal muscle (gastrocnemius) is greater in immature alcohol-fed rats than in mature ones, and this is manifested as an early myopathic lesion as defined by reduced protein content. 30 Paradoxically, the effect of chronic alcohol treatment on protein synthesis in mature rats seems to be slightly greater than in immature rats. 31 Also, the decrease in the calculated rate of protein degradation, although reduced in both immature and mature rats, is greater in mature rats. 17, 30 In the present study, we did not observe a reduction in proteolytic activities in immature rats in response to acute alcohol, although we showed a greater susceptibility in mature rats. However, it has been established that the antioxidant defense system in skeletal muscle increases with age, but type 2 fibers have been found to be more susceptible to age- Chronic alcohol-fed rats were fed for 4 weeks on a liquid diet containing 35% of dietary energy as ethanol. Controls were fed identical amounts of diet in which ethanol was replaced by isocaloric glucose. The acute alcohol dosage (75 mmol/kg BW IP) was administered 2.5 hours before killing. The mean body weights were 186 g for the controls, 177 g for alcohol-fed rats, and 173 g for the rats that received chronic ϩ acute alcohol. Differences between means were assessed using Student's t test using LSD, except for differences between chronic control and chronic alcohol groups for which a paired t test was used (n ϭ 5 to 8).
related oxidative stress. 32 This may explain, but does not prove, the differential susceptibility of skeletal muscle to acute alcohol dosage in mature rats.
A previous study has shown that 24 hours after acute alcohol dosage, reduced muscle cytoplasmic protease (alanyl aminopeptidase and tripeptidyl aminopeptidase) activities occurs in immature rats. 15 However, we do not believe that the aforementioned studies contradict the present data. The former study may reflect a postexposure or rebound phenomena at 24 hours after alcohol dosage, as there was no circulating blood alcohol detectable at 24 hours, 15 whereas the present study shows the effects of acute alcohol, which is reflected in markedly increased serum alcohol concentrations (mean ethanol levels in glucose fed ϩ acute alcohol and chronic ϩ acute alcohol groups were approximately 250 to 300 mg%).
Chronic Alcohol Does Not Affect Muscle Protease Activity
Six weeks of chronic alcohol feeding did not alter the activities of any of the proteases assayed. Potentially, this implies that the reduction in muscle protein content that occurs after 6 weeks of alcohol feeding in the young, ie, immature, rat is due to alterations in protein synthesis alone. 33 This conclusion, however, is at variance with studies suggesting that a decrease in protein degradation occurs. 17 It is possible that greater perturbations in protease activities may have occurred at intermediate time points rather than at 6 weeks. However, cathepsins B and D did not show any overt alteration at any of the intermediate time points (3 days, 1, 2, 4, and 6 weeks). Although we were unable to measure other proteases at all of these intermediate time points due to restrictions in time and tissue availability, the data for the time course study is consistent with results obtained from rats killed at 4 weeks and 6 weeks. Alternatively, it can be argued there are methodologic limitations in the model of measuring muscle protease activities in vitro to reflect protein degradation in rats fed alcohol in vivo, and this could explain these divergent results. For example, pathologic lesions in protein turnover may arise episodically, as a consequence of fluctuations in alcohol levels, coupled with the acute sensitization.
Sensitization of Muscle Proteases to the Effects of Acute Alcohol in Superimposition Study
In contrast to the lack of effect of chronic alcohol exposure, superimposing acute alcohol on chronic alcohol-fed rats showed a decrease in the activities of proline aminopeptidase and the chymotrypsin-and trypsin-like activities of the multicatalytic proteasome. No changes occurred in the lysosomal protease activities or in the activities of the other cytoplasmic enzymes assayed. The observed effects of combined chronic ϩ acute alcohol may be due to alterations by acute alcohol alone, at least for the chymotrypsin-and trypsin-like activities of the proteasome. However, this argument may be flawed, as in acutely dosed mature rats, the activities of alanyl aminopeptidase, arginyl aminopeptidase, leucyl aminopeptidase, and dipeptidyl aminopeptidase II decreased (Fig 1) , whereas only the activities of proline endopeptidase were decreased when acute alcohol was superimposed on chronic ethanol ( Table 1) . The reason for this is not clear, but consideration should be given to the fact that while the mature rats in study 1 and the chronic ethanol-fed rats in this study were the same age (ie, 8 weeks), rats used for the superimposition study were malnourished as a consequence of the pair-feeding protocol (for further discussion, see Preedy et al 20 ) . Malnutrition perturbs skeletal muscle proteolysis. 34 
Raising Acetaldehyde Levels In Vivo With Cyanamide or Addition of Alcohol and Acetaldehyde In Vitro.
Although we do not have alcohol or acetaldehyde levels for the rats dosed with alcohol and cyanamide, we have previously reported such data using identical protocols. 35 Thus, mean blood levels of acetaldehyde (mol/L) are control, 5; cyanamide, 5; ethanol, 31; and cyanamide ϩ ethanol, 2,495. 35 Corresponding acetaldehyde levels in muscle are (mol/kg) 51, 52, 62, and 827, respectively. Raising acetaldehyde levels within cyanamide ϩ ethanol-treated rats markedly reduces protein synthesis in skeletal muscle to greater than that with alcohol alone. 36 In the present study, however, predosing ethanoltreated rats with cyanamide in vivo did not alter protease activities. However, we showed that 200 mol/L acetaldehyde in vitro decreased cathepsin D activity, and similarly, supraphysiologic concentrations of either ethanol (1.7 mol/L) or acetaldehyde (17,000 mol/L) in human muscle homogenates reduced muscle protease activities. 18 In contrast, cathepsin B activities were not affected by additions of either alcohol or acetaldehyde in the present (Fig 2) or previous 18 studies. This data implies that (1) different proteases exhibit differential sensitivities to either alcohol or acetaldehyde; (2) supraphysiologic levels of acetaldehyde are required to reduce protease activities, but these levels are rarely encountered in intact rats. However, the interpretation of acetaldehyde levels is fraught with practical difficulties. The aforementioned in vitro studies did not take into account any time-dependent effects, nor how acetaldehyde might have caused localized effects with different regions of the muscle cell in vivo.
Conclusions
The reductions in protein breakdown, as reflected by reduced protease activities, distinguish the effects of alcohol from other catabolic states, such as sepsis or fasting, in which an increase in protein breakdown occurs. 37, 38 We are uncertain how selective reductions in protease occurred other than the possibility that circulating ethanol and/or acetaldehyde may have been contributory, although very high levels are necessary to achieve this. It has been suggested that increased cytokine production (for example, TNF-␣, 39 ) may alter proteolysis. Alternative processes include inactivation via possible acetaldehyde-or malondialdehyde-protein adduct formation. 40 
